Interest in the use of low-copy nuclear genes for phylogenetic analyses of plants has grown rapidly, because highly repetitive genes such as those commonly used are limited in number. Furthermore, because low-copy genes are subject to different evolutionary processes than are plastid genes or highly repetitive nuclear markers, they provide a valuable source of independent phylogenetic evidence. The gene for granule-bound starch synthase (GBSSI or waxy) exists in a single copy in nearly all plants examined so far. Our study of GBSSI had three parts: (1) Amino acid sequences were compared across a broad taxonomic range, including grasses, four dicotyledons, and the microbial homologs of GBSSI. Inferred structural information was used to aid in the alignment of these very divergent sequences. The informed alignments highlight amino acids that are conserved across all sequences, and demonstrate that structural motifs can be highly conserved in spite of marked divergence in amino acid sequence.
Introduction
Plant molecular systematists rely upon a relatively small number of molecular markers for phylogeny reconstruction, including, for example, the chloroplast DNA (cpDNA) genes matK, ndhF, and rbcL, and, less commonly, cpDNA intergenic spacers. The nuclear genome is usually represented by sequences from the highly repetitive rDNA arrays-either the genes themselves, for studies of ancient divergence events, or spacer regions, for analyses at lower taxonomic levels. The justifications for choosing these markers are strong. First, because the chloroplast genome and the rDNA arrays occur in high copy numbers, they are technically relatively easy to work with, thus allowing systematists to amass data for large numbers of taxa. Second, individual systematists working with these markers are able to interpret their data within enormous databases of sequences that have been gathered by the systematic community. An additional advantage, specific to chloroplast markers, is that because the chloroplast genome is clonally inherited, problems associated with recombinant gene copies will not be encountered. The problem plant molecular systematists are now addressing is the limited number of markers available.
There are several reasons why low-copy nuclear genes have not been used as frequently as highly repet-itive genes or chloroplast DNA genes, aside from technical considerations and the availability of comparable sequences from other data sets. First, low-copy nuclear genes are often poorly understood. Knowledge of gene copy number and the extent of concerted evolution among copies is critical for a reasonable within-individual sampling strategy. Second, there may not be enough sequences available across an appropriate taxonomic range to provide an initial estimate of phylogenetic utility. The development of primers is therefore more difficult, and sequencing genes from a large number of taxa is a potentially risky use of time and money.
However, plant systematists have been investigating various low-or single-copy nuclear markers for potential phylogenetic use. Most of those studied so far are members of small multigene families. For example, the gene for cytosolic phosphoglucose isomerase duplicated prior to the origin of the genus Clarkia (Onagraceae), and the two paralogs support identical relationships among the subgenera (Gottlieb and Ford 1996) . The gene for alcohol dehydrogenase is duplicated in Paeonia (Paeoniaceae), but the two copies support significantly different relationships among nonhybrid peony species (Sang, Donoghue, and Zhang 1997) . Members of the small family of phytochrome genes appear to be evolving independently (Mathews, Lavin, and Sharrock 1995) , and a survey of the grass family showed that they can provide significant phylogenetic information (Mathews and Sharrock 1996) . Members of the small family of defense-related betv1 homologs undergo concerted evolution such that gene copies from within plant families, and often those from within species, form distinct monophyletic groups and provide useful phylogenetic information at the intrafamilial level (Wen et al. 1997) . Sequence variation in the vicilin gene family has been examined in the legume family Fabaceae; phylogenetic analyses among some genera are complicated by the lack of homogenization among gene copies (de Miera and de la Vega 1998), while concerted evolution is extensive in other genera of this family (Doyle et al. 1986 ). Vicilin sequences have successfully been used for intergeneric phylogenetic analyses in Theobroma (Sterculiaceae); while copy number has not been fully characterized, multiple sequences from within species form monophyletic groups (B. Whitlock and D. Baum, personal communication) . Clearly, evolutionary processes that affect the success or failure of phylogenetic analyses of plant nuclear loci vary among genes and taxa.
So far, fewer putatively single-copy genes have been examined for plants. We report on protein structure, nucleotide sequence evolution, and phylogenetic results based on a portion of the gene encoding granulebound starch synthase (GBSSI; EC 2.4.1.11; fig. 1 ). The gene exists in a single copy in nearly all taxa in which it has been studied (e.g., Shure, Wessler, and Fedoroff 1983; Klosgen et al. 1986; Rohde, Becker, and Salamini 1988; Clark, Robertson, and Ainsworth 1991; van der Leij et al. 1991; Denyer and Smith 1992; Dry et al. 1992; Salehuzzaman, Jacobsen, and Visser 1993; Wang et al. 1995) , although it appears to be duplicated in the Rosaceae (R. Evans, L. Alice, and C. Campbell, personal communication).
Many interrelated factors affect the phylogenetic utility of a gene, including, for example, the level of variation among taxa, the number of informative characters, the amount of homoplasy, and the presence of rate heterogeneity among taxa or sites. In turn, many of these factors are dependent on structural and functional constraints at the protein level. In this study, we examine GBSSI protein structure and nucleotide sequence evolution and conclude with a phylogenetic case study. First, we consider the protein structure of GBSSI along with the analogous microbial protein glycogen synthase (glgA; EC 2.4.1.11). Comparisons of the GBSSI and glgA amino acid sequences with the known three-dimensional structure of a mammalian protein, glycogen phosphorylase (EC 2.4.1.1), allow prediction of the nature and location of secondary structure. The identification of highly conserved inferred structural motifs influences the way in which sequences are aligned and allows the protein to be compared among widely divergent taxa. Second, we analyze the pattern of nucleotide sequence evolution using maximum-likelihood analyses based on a nested set of models of nucleotide substitution and among-site rate variation (e.g., Swofford et al. 1996; Frati et al. 1997; Sullivan, Markert, and Kilpatrick 1997) . Because of position-dependent constraints on the protein sequence and the redundancy of the genetic code, the evolution of a protein-coding gene is expected to deviate from a simple model in which all nucleotide sites are equally free to vary. Furthermore, the physical characteristics of nucleotides lead to the expectation that some substitution types will occur more often than others. Likelihood models that account for unequal substitution frequencies and rate heterogeneity among sites are therefore expected to fit the data better than simpler models. The extent to which each parameter contributes to the improvement in fit allows identification of specific evolutionary processes that underlie the observed variation. Third, we perform cladistic parsimony analyses at several different taxonomic levels within the grass family Poaceae using a portion of the GBSSI gene. Exon sites are used for analysis of the family, while both exons and introns are used to estimate relationships among genera within tribes and among species within genera. These analyses demonstrate not only the potential utility, but also some possible pitfalls, of the use of proteincoding genes for phylogenetic studies.
Materials and Methods

Samples Within Grasses
We identified GBSSI ( fig. 1 ) as a candidate for phylogeny reconstruction in the grasses because of evidence that it was single-copy and because seven sequences were available in GenBank, of which four were grasses. We used the grass sequences (wheat, barley, corn, and rice) to design primers, and generated 70 partial (1.3 kb) sequences of the gene from throughout Poaceae, sampling different taxonomic levels within the family (table  1) . We included representatives of the two earliest diverging subfamilies (Anomochlooideae and Pharoideae), as well as all other major subfamilies except Chloridoideae. We also sampled intensively within the tribes Triticeae (including only diploid genera) and Andropogoneae and sampled multiple species within some genera.
DNA Sequencing
DNA was extracted following the method of Doyle and Doyle (1987) from between 1.5 and 2 g of fresh leaf material. Amplification reactions using the polymerase chain reaction were carried out with the F-for and M-bac primers (table 2 and fig. 1 ), which yield a product approximately 1.3 kb in length. In addition to the F-for and M-bac primers, six additional sequencing primers were designed for the F/M fragment ( fig. 1 and Klosgen et al. (1986) . c Rohde, Becker, and Salamini (1988) . d Clark, Robertson, and Ainsworth (1991) ; not included in phylogenetic analysis. e Wang et al. (1994) . f van der Leij et al. (1991) . Dry et al. (1992) . i Salehuzzaman, Jacobsen, and Visser (1993) . j Blattner et al. (1997) . k Tatusov et al. (1996) . l Uttaro and Ugalde (1994) . m Takata et al. (1994) . n Kunst et al. (1997) . o Kaneko et al. (1996) . p Bult et al. (1996) . table 2). All primers worked successfully for the entire family, except in a few scattered instances. Amplification of the F/M fragment began with an initial denaturation at 94ЊC for 1 min, followed by five cycles of 94ЊC for 45 s, 65ЊC for 2 min, and 72ЊC for 1 min, then an additional 30 cycles of 94ЊC for 30 s, 65ЊC for 40 s, and 72ЊC for 40 s. Amplification was completed with a 20-min elongation step at 72ЊC to maximize A-tailing and increase efficiency of cloning into T-tailed vectors. Ten-or 20-l amplification reactions were run, containing Taq DNA polymerase (Gibco/BRL; 0.05 U/l), the included buffer (1ϫ), MgCl 2 (1.5 mM), and primers (each 1 M). Undiluted total DNA, which varied in concentration among samples, was used as a template at 0.5 l/10 l of reaction volume. The entire reaction volumes were run out on 1% agarose minigels. Bands were cut out and cleaned using Geneclean (Bio 101) and resuspended in 5-10 l sterile dH 2 O.
Cleaned PCR products were cloned into Invitrogen's pCR II or pCR 2.1 vectors, or into Promega's pGEM-T Easy vector. Ligation, transformation, and plating were carried out following the manufacturers' instructions, except that ligation and transformation reaction volumes were halved. Plasmid preparations were carried out following the mini alkaline-lysis/PEG precipitation protocol given in ABI User Bulletin 18 of October 1991. Plasmids were checked on 1% agarose gels for presence of inserts, and concentrations were estimated by visual comparison with bands containing known amounts of DNA.
Sequencing reactions were carried out with the ABI Prism dye terminator cycle sequencing kit with AmpliTaq DNA polymerase, FS. Reactions were run according to manufacturer's instructions, except that the reaction volumes were halved. Reactions were cleaned with the ethanol/sodium acetate protocol provided with the kit instructions. Cleaned sequencing reactions were run on an ABI 370A or ABI 377 automated sequencer following ABI recommendations. Between 90% and nearly 100% of each fragment was sequenced at least once in each direction using eight primers on the ABI 370 or six primers (K-bac and K-for excluded) on the ABI 377.
Sequence chromatograms were checked and edited by eye in ABI's SeqEd, version 1.03, or in Gene Codes Corporation's Sequencher, version 3.0. For each taxon, the overlapping fragments were joined by eye (in SeqEd) or automatically (in Sequencher). Sequences were exported as text and aligned using CLUSTAL V, and alignments were checked and adjusted by eye. For some phylogenetic analyses, introns were edited out of the aligned sequences by eye. Exon sequences were translated in MacClade 3.0 (Maddison and Maddison 1992) .
Structural Analysis
Twenty-eight GBSSI amino acid sequences from grasses were added to four dicot GBSSI sequences and seven microbial glgA sequences from GenBank (boldface entries in table 1). Alignments were carried out initially using the Genetics Computer Group (University of Wisconsin) computer program ''pileup'' (Devereux, Haeberli, and Smithies 1984) . Amino acid changes were judged to be conservative or nonconservative based on sources of information compiled by Ron C. Beavis and David Fenyö at the PROWL World Wide Web site (http: //prowl.rockefeller.edu/). In particular, we visually compared observed changes to an idealized projection of the Dayhoff mutation odds matrix by multidimensional scaling ( fig. 4d of Taylor 1986 ) and a Venn diagram of relationships among amino acids based on a variety of physicochemical properties ( fig. 3a of Taylor 1986) .
Amino acid sequences were analyzed for potential secondary structure and threaded onto known three-dimensional protein structures using the Phd program suite (Rost, Sander, and Schneider 1994) and the H3P2 program (Rice and Eisenberg 1997) . Threading algorithms search among known three-dimensional protein structures and compare query sequences to this database for similar patterns (order and length) of secondary structure. Secondary structure predictions were noted on the alignments and the alignments were adjusted by eye for maximal correspondence of predicted structures. Maize transposon-induced mutations were obtained and characterized as previously described (Weil et al. 1992 ).
Maximum-Likelihood Analysis of Nucleotide Sequence Evolution
ML analyses were used to assess 16 models of sequence evolution, representing the 16 pairwise combinations between four models of nucleotide substitution and four models of among-site rate variation (e.g., Swofford et al. 1996; Frati et al. 1997; Sullivan, Markert, and Kilpatrick 1997) . The four nucleotide substitution models tested were: (1) the Jukes-Cantor (JC; Jukes and Cantor 1969) model, which assumes that all nucleotide substitutions are equally probable and that nucleotides occur in equal frequencies; (2) the Kimura two-parameter (K2P; Kimura 1980) model, which incorporates rates of transitions versus transversions estimated using ML, and in which nucleotides are assumed occur in equal frequencies; (3) the Hasegawa-Kishino-Yano (HKY; Hasegawa, Kishino, and Yano 1985) model, in which transition and transversion rates are allowed to differ as above, and which incorporates observed average nucleotide frequencies; and (4) the general timereversible (GTR; Yang 1994a) model, which incorporates observed average base frequencies and allows for rate variation among six substitution types (A↔C, A↔G, A↔T, C↔G, C↔T, and G↔T) following their estimation using ML. The four models of among-site rate variation tested were (1) no variation among sites; (2) some proportion of sites, estimated via ML, being allowed to be invariable (I), with no additional rate variation (Hasegawa, Kishino, and Yano 1985) ; (3) rate variation being allowed to follow a gamma distribution (⌫; Yang 1994b) with a shape parameter estimated using ML; and (4) some sites being allowed to be invariable, with the possibility of rate variation at the remaining sites following a gamma distribution (I ϩ ⌫; Gu, Fu, and Li 1995; Waddell and Penny 1996) . All parameters were estimated using PAUP* 4.0d63 on a set of 20 trees: 10 chosen randomly from the equally weighted parsimony analysis and 10 from the analysis in which codon positions were weighted 7:9:4. The choice of trees used in parameter estimations should not be critical, as long as they represent reasonable representations of the data and parameters do not fluctuate greatly from one tree to the next (Swofford et al. 1996 and references therein). Likelihood scores between models of sequence evolution were compared using a likelihood ratio test (Yang, Goldman, and Friday 1995) . Dicotyledons were excluded from the ML analysis, because a test for stationarity of nucleotide frequencies across sequences (using PAUP* 4.0d63) showed that their inclusion led to a significant deviation from stationarity. Phylogenetic Analysis at Family, Tribal, and Generic Levels Pairwise K2P distances were calculated using PAUP* 4.0d54, with deletions treated as missing data. Phylogenetic analyses were carried out using cladistic parsimony methods. Tree length, consistency index (CI), retention index (RI), and rescaled consistency index (RCI) were computed with uninformative characters excluded. MacClade 3.0 was used for examining patterns of variation among codon positions and between exons and introns. PAUP* 4.0d53-54 was used for the entire grass data set, including four dicotyledons as outgroups, and PAUP 3.1.1 (Swofford 1993 ) was used for subsets of grass sequences.
For the full data set, introns were excluded; analyses were done on aligned exons using heuristic searches with TBR branch swapping. Bootstrap support was estimated with 10,000 bootstrap replicates and no branch swapping. Three weighting strategies, in addition to equally weighted sites, were used for the full grass data set. First, positions 1:2:3 were weighted 7:9:4, based roughly on the estimated number of changes for trees obtained in the unweighted analysis. Second, positions 1:2:3 were weighted 4.15:5.75:1.5, based on the minimum numbers of changes in first, second, and third positions. Third, all sites were proportionally reweighted once on a scale of 0 to 1, based on the maximum RCI for each character estimated on the trees from the unweighted analysis.
Tribes Triticeae and Andropogoneae, as well as intergeneric samples of Cymbopogon and Triticum ϩ Aegilops, were analyzed both with and without introns, with all characters equally weighted. Within genera, effects of individual introns and exons were examined by analyzing each one separately and by sequentially excluding each one. Support within tribes and genera was estimated using 1,000 bootstrap replicates with a heuristic search and TBR branch swapping. Within genera, support was further assessed using the decay index (Bremer 1988; Donoghue et al. 1992) .
Results
Protein Alignments that Consider Potential Protein Structures
The length and order of predicted protein structures were conserved in our sample of partial amino acid sequences from 28 grasses, 4 dicot plant species, 6 eubacterial species (including a cyanobacterium), and one archeon ( fig. 2) . The greatest variation occurred in predicted loops, as might be expected . Adjustment of the sequence alignments to account for predicted secondary structures indicated where insertion of gaps led to better sequence alignments overall. The adjusted alignments also highlight individual amino acids that were conserved across all taxa despite their location in regions of low overall protein sequence identity. These were often at positions expected to be important for beginning or ending secondary structures. In contrast, the amino acid sequence conservation within those secondary structures was often low in comparisons between plant and bacterial sequences.
Threading each of the longer sequences onto known three-dimensional protein structures indicated that the best fit was to mammalian glycogen phosphorylase (Barford, Hu, and Johnson 1991; Rost 1995) . The fit varied from sequence to sequence, with the best alignment score being 3.75. (For comparison, human muscle glycogen phosphorylase threaded against itself produces an alignment score of 4.11.) Protein-threading alignment scores greater than 3.5 identify proteins of similar sequence, structure, and function in most cases (Rost, Sander, and Schneider 1994) . Aligning the sequences prior to threading strengthened the alignment score to 4.60. The region between glycogen phosphorylase residues 439 and 695 matched up with the GBSSI and glgA proteins particularly well; this region is shown in figure 2. Within this region, highly or completely conserved amino acids occurred in positions that correspond to the glycogen phosphorylase active site ( fig. 3 ).
Maximum-Likelihood Analyses
Likelihood models that account for rate variation, either by allowing for some proportion of invariant sites (I) or by allowing for gamma-distributed rate variation among sites (⌫), resulted in the greatest increase in ML scores ( fig. 4 ). Gamma-distributed rate variation was the single parameter that provided the most improvement (e.g., compare JC to JC ϩ ⌫ in fig. 4 ). Transition/ transversion bias was low, with estimates ranging from 1.057 to 1.314 (table 3) . There was, however, noticeable heterogeneity among substitution types when six types were considered, as in the case of the GTR models. In the GTR ϩ I ϩ ⌫ model, for example, estimated proportional differences among rates of reversible change between A↔C, A↔G, A↔T, C↔G, C↔T, and G↔T are 1.12, 2.71, 0.78, 1.57, 4.67, and 1.00, respectively (table 3) . Allowing for differences in base frequencies also led to an improved model (e.g., compare the K2P and HKY models; fig. 4 ). Estimated frequencies of A, C, G, and T were 0.208, 0.296, 0.347, and 0.149, respectively.
The model that incorporates the most parameters, GTR ϩ I ϩ ⌫, fit the data best, as expected (ML score ϭ Ϫ8,340.281). The slightly simpler GTR ϩ ⌫ model, lacking just one free parameter relative to GTR ϩ I ϩ ⌫, had the second-best ML score (Ϫ8,349.931). Because of the nested relationship between the models, they can be compared using a likelihood ratio test (Yang, Goldman, and Friday 1995) . The observed difference in ML scores was used to obtain a test statistic, 2(9.65), which, when compared to a 2 distribution with one degree of freedom, indicated a significant difference (P Ͻ 0.005) between the two models. An even simpler model, such as HKY ϩ I ϩ ⌫, includes four fewer free parameters than GTR ϩ I ϩ ⌫, so a statistical comparison involves fig. 2 ). E1-E3 indicate parallel beta structures; H28 and H29 are alpha helices. The beta-alpha-beta domain discussed in the text consists of E1, H28, and E2. ''Lys15,'' ''Lys277,'' and ''Arg374'' indicate the positions that these amino acids from the Escherichia coli protein would occupy The pocket that comprises the glycogen phosphorylase active site is indicated by the hatched oval.
FIG. 4.-Histogram of the negative log-likelihood values obtained for 16 different models of nucleotide sequence variation. Lower values indicate a better fit between a model and the data. While each model parameter improves the likelihood score, as would be expected, the assumption that rates of change approximate a gamma distribution alone makes the greatest difference. more degrees of freedom. However, the difference in fit between the two models was again significant (test statistic ϭ 2(26.502); P Ͻ 0.005).
Inclusion of dicotyledon GBSSI sequences led to the seemingly impossible result that the K2P model, which assumes equal nucleotide frequencies, always returned a better ML score than did the HKY model (result not shown), even though the HKY model incorporates the average observed nucleotide frequencies. This was because the addition of the dicotyledon sequences caused a significant deviation from stationarity of nucleotide frequencies across taxa (P Ͻ 0.0001), while grass sequences alone showed no such deviation (P Ͼ 0.9999). In this case, with the stationarity assumption violated, the incorporation of empirically derived nucleotide frequency values led to a poorer model than in which the frequencies of all four nucleotides were assumed to be equal.
Phylogenetic Analyses Analysis of All Grasses
Less than 0.08% of the grass exon matrix (40 characters out of about 51,000) was coded as unknown. Across 773 aligned exon sites, there were a minimum of 606 changes at 395 variable sites, of which 274 were potentially informative. These included minima of 144 changes at the 103 variable first-codon-position sites, 90 changes at 78 second-position sites, and 372 changes at 204 third-position sites. Pairwise Kimura two-parameter corrected nucleotide distances within grasses ranged as high as 28.8%. At the amino acid level, including 257 aligned sites, there were a minimum of 228 changes at 131 sites, of which 81 were potentially informative.
A cladistic analysis of the exon sequences from all grass taxa, with first, second, and third codon positions weighted 7:9:4 respectively, resulted in 24 trees with a CI of 0.43, an RI of 0.75, and an RCI of 0.36. The strictconsensus tree ( fig. 5 ) is well resolved, but bootstrap analysis shows little support for most of the tree. This was the case for all attempted weighting strategies. Nevertheless, the tree suggests relationships that are largely congruent with those from other data sets, including (1) monophyly of the Pooideae (Davis and Soreng 1993; Clark, Zhang, and Wendel 1995) and of the tribe Triticeae within it (Soreng, Davis, and Doyle 1990; Hsiao et al. 1995a) ; (2) the grouping of Oryza and the Bambusoideae with the Pooideae, supporting the ''BOP'' clade uncovered in other analyses (Clark, Zhang, and Wendel 1995) ; (3) monophyly of the Andropogoneae within the Panicoid subfamily (Davis and Soreng 1993; Clark, Zhang, and Wendel 1995) ; (4) monophyly of several lower-level clades, including Triticum/Aegilops, Cymbopogon, and Zea, along with species pairs representing Arundinella, Chrysopogon, and Chusquea; and (5) the basal positions of the Anomochlooideae and Pharoideae (Clark, Zhang, and Wendel 1995) . (Anomochloa and Pharus are, however, on long branches [not shown], and their placement at the base of the tree is also consistent with the artifactual effect of long-branch attraction.) Different weighting strategies resulted in similar trees, except that in the unweighted analyses, Chusquea was placed near the base of the tree.
Analyses Within Tribes Andropogoneae and Triticeae
Levels of exon variation were similar for the two tribes examined. Among the 25 Andropogoneae sequences, there were minima of 45 changes at 41 variable first-position sites, 23 changes at 23 variable secondposition sites, and 159 changes at 129 variable thirdposition sites. In all, 105 exon sites showed informative variation. A minimum of 65 changes occurred at 57 amino acid sites, of which 25 were informative. Among the 26 Triticeae sequences, there were minima of 46 changes at 40 variable first-position sites, 29 changes at 28 variable second-position sites, and 150 changes at 126 variable third-position sites; a total of 92 exon sites showed informative variation. As with the full data set, the GBSSI data within tribes provide well-resolved trees, but with low bootstrap support.
The gene tree for Andropogoneae (not shown) is similar to results obtained with the chloroplast gene ndhF (unpublished data). For example, in both GBSSI and ndhF, the tribe is monophyletic, with Arundinella as the sister taxon. Both genes find a clade comprised of Bothriochloa, Capillipedium, and Dichanthium, a group that is in agreement with extensive genetic, cytogenetic, and morphological work (deWet and Harlan 1970) . Both genes suggest that the tribe resulted from a rapid radiation. The lack of support for relationships within the tribe (as in fig. 5 ) results not from extensive homoplasy, but rather from lack of substitutions, a result also found using ndhF sequences. Discrepancies between the GBSSI tree and the ndhF tree occur among branches with only one to three nucleotides changes.
Among the diploid genera of the Triticeae, it is harder to compare the GBSSI data with other data sets. While the diploid members of the tribe have been studied in numerous phylogenetic analyses Results of phylogenetic analysis of exon sequences from the entire sample of grasses, with codon positions 1, 2, and 3 weighted 7:9:4; strict consensus of 24 trees. CI ϭ 0.43, RI ϭ 0.75, and RCI ϭ 0.36. Four previously published dicotyledon sequences were used as outgroups. Bootstrap values higher than 50% are indicated above branches. Numbers in parentheses following some taxon names indicate cases in which multiple species were sampled per genus. Sampled subfamilies or tribes are indicated by brackets. The BOP clade represents a group (Bambusoideae, Oryzoideae, Pooideae) that has been detected in previous molecular analyses.
1995b; Kellogg and Appels 1995; Kellogg, Appels, and Mason-Gamer 1996; Mason-Gamer and Kellogg 1996a, 1996b; Petersen and Seberg 1997) , all evidence to date points to different histories for different genomes or portions of genomes. The GBSSI tree is different from all published gene trees, but these are all significantly different from each other (Mason-Gamer and Kellogg 1996b) . This suggests that GBSSI, which is on chromosome 7 in this tribe and is unlinked to any other gene studied to date, is tracking yet another portion of the Triticeae genome with its own history.
Among members of the Andropogoneae, introns cannot be aligned reliably, whereas introns among many Triticeae can. The notable exception within the Triticeae is intron 10. The first 5 and the last 18 bp of this intron can be unambiguously aligned for all taxa. Between these two regions, however, the sequences fall into two distinct classes, within which alignments are straightforward and between which alignments appear virtually meaningless. These two intron types divide the Triticeae into two groups of approximately equal size. The two groups delimited by the intron types do not match previously published phylogenetic hypotheses, nor are they in agreement with other characters within GBSSI. In this and in other, less extreme, cases of difficult alignment, we did not attempt to align the introns to one another, but instead aligned them as adjoining regions and coded the resulting gaps as missing data.
Analysis of Triticum/Aegilops
Twelve species from the very closely allied genera Triticum and Aegilops were analyzed both with and without intron characters included. Intron alignments were generally straightforward, but there were some regions of ambiguity due to insertions and deletions. With introns included, pairwise distances ranged from 0.81% to 8.42%. With introns excluded, distances ranged from 0.13% to 4.89%. Across all 12 species, 82 out of 771 exon sites were variable, with a minimum of 87 changes. Of these, 38 were potentially informative. First, second, and third codon positions included 18, 9, and 55 variable sites exhibiting minima of 19, 9, and 59 changes, respectively. Out of 587 aligned intron sites, 135 were variable; 76 of these showed potentially informative variation. Out of 257 amino acid sites, 25 were variable; 9 amino acid changes were potentially informative. Pairwise amino acid divergence ranged from 0.40% to 4.3%.
An unweighted cladistic parsimony analysis of all nucleotide positions yielded a single tree of length 210, with a CI of 0.61, an RI of 0.68, and an RCI of 0.51 ( fig. 6 ). Analyses were rerun with exons excluded, with introns excluded, with each individual exon and intron removed, and with each exon and intron alone. These analyses suggest that much of the phylogenetic signal reflected in the tree in figure 6 is provided by intron 12. In particular, the nodes grouping (1) Aegilops bicornis and Aegilops longissima with the three Triticum species; (2) Aegilops comosa, Aegilops tauschii, and Aegilops uniaristata; and (3) Aegilops caudata, Aegilops umbellulata, and Aegilops searsii with Aegilops speltoides at the base of the tree are unresolved when intron 12 is excluded from the analysis. All are present when intron 12 is analyzed alone.
Analysis of Cymbopogon
Eight species of Cymbopogon (tribe Andropogoneae) were analyzed with and without intron sites. Pairwise nucleotide divergence with introns included ranged from 2.25% to 11.13%. Pairwise divergence of exons alone ranged from 0.14% to 4.15%. The range of exon divergence is comparable to that seen in the Triticum/ Aegilops group, but divergence when introns are included is somewhat higher. However, the introns within the genus are more difficult to align, and alignment ambiguity will artificially increase the estimated pairwise divergence values and the number of variable sites. Across the sample, 52 of 771 exon sites were variable; first, second, and third codon positions accounted for 9, 3, and 40 of the variable sites, and minima of 9, 3, and 43 changes, respectively. Twenty-one of the variable exon sites showed potentially informative variation. Out of 650 aligned intron sites, 146 were variable, with a minimum of 156 changes; 79 were potentially informative. There were a minimum of 13 amino acid changes at 13 sites; 4 of these were potentially phylogenetically informative. Pairwise amino acid divergence ranged from 0.39% to 3.15%.
Unweighted parsimony analysis of all characters resulted in a single shortest tree with a length of 261, a CI of 0.74, an RI of 0.74, and an RCI of 0.62 ( fig. 7A) . Analysis of introns alone yielded a single tree, identical to that from the full data set, with a length of 115, a CI of 0.75, an RI of 0.76, and an RCI of 0.57 ( fig. 7B) . Analysis of just exons yielded a single but different tree, with a length of 32, a CI of 0.79, an RI of 0.80, and an RCI of 0.63 ( fig. 7C) . Therefore, as is the case in the Triticum/Aegilops analyses, signal from the introns is driving the overall result. Unlike with Triticum/Aegilops, however, the source of the intron signal could not be narrowed down to a single intron. Exclusion of intron 10, 11, or 13 resulted in different tree topologies. Each of the introns analyzed alone also gave three different trees unlike that from the entire data set.
Discussion
Analysis of Protein Structure
Amino acid sequence comparisons based on protein-threading alignments are theoretical and do not prove that conserved residues observed here are involved with the GBSSI or glgA active sites (Rost and Sander 1996) ; however, several additional lines of evidence support this idea. Biochemical studies of the Escherichia coli glgA protein have demonstrated that two lysine residues (positions 15 and 277 of the E. coli protein shown in fig. 3 ) are involved in the active site (Furukawa et al. 1990 (Furukawa et al. , 1994 . Lys15 participates in substrate binding, and Lys277 participates in catalysis. These lysines thread onto positions at each end of the glycogen phosphorylase active site ( fig. 3) . The lysine analogous to E. coli Lys15 appears to be important in the plant proteins as well: a missense mutation, waxy-C31, that changes this lysine to an asparagine in the maize GBSSI protein, creates a null allele (unpublished data). Both the Phd and H3P2 threading algorithms identified strongest similarities between the GBSSI and glgA proteins and known proteins with beta-alpha-beta structures such as the one shown in figure 3 . In addition, Ac/Ds transposon insertion alleles of the maize waxy gene that affect what would be beta structures E1 and E2 (see fig. 3 ) revert rarely, while insertions that affect what would be analogous to alpha helix H28 revert frequently and to a variety of activity levels Klosgen et al. 1986; Baran et al. 1992; Weil et al. 1992) . Ac/Ds excisions that restore reading frame generally leave mutations adding one or two amino acids to a protein. These results suggest that structures like E1 and E2 may be more directly involved in GBSSI function than is H28. Furthermore, the different levels of activity seen for the transposon excisions from H28 may indirectly involve E1 and E2. Transposon excisions that make H28 longer should change the relative positions of E1 and E2 and also rotate the N-terminal end of the H28 helix, pulling the completely conserved and potentially important Arg347 residue (numbering as in the E. coli protein) away from the active site to varying degrees (see fig. 3 ).
Other studies have used information on molecular structure to infer alignment. For example, Bharathan et al. (1997) used structural characteristics to align a set of highly divergent homeobox genes. Similarly, the structure of 18S RNA has been used as an alignment guide for sequences representing a wide diversity of angiosperms (Soltis et al. 1997) . Our study confirms the value of comparison of structural predictions for proteins of similar functions from distantly related organisms. Even though these predictions are somewhat speculative, they are still valuable for aligning coding regions that would otherwise be difficult to align with confidence because of low amino acid identity. It is reasonable to expect that distantly related proteins that catalyze the same reaction will have evolved appreciably in sequence while remaining similar in structure, with comparable active site nature and location, and conserved key amino acids. Evolution of sequences encoding protein secondary structures may represent an intermediate level of constraint between nonfunctional domains and enzymatically active sites. Proteins may change in sequence without losing function, but only in ways that do not disrupt critical secondary structures.
Once predicted structure has been used to help make alignments, comparative sequence data can be used to further infer sites that are functionally constrained. These may include crucial starting and ending positions for structures, as well as individual amino acids that are highly conserved between distant taxa despite being embedded in regions in which sequences have diverged. In an example of a similar approach, Kellogg and Juliano (1997) identified conserved regions of RuBisCO that may be functionally constrained, even though studies of the crystal structure do not indicate what the function might be. Regions of a protein that are under the least selective pressure are likely to be the most useful for comparisons of related species; this applies to both functional and structural constraints. For example, regions of a protein with little structure (such as a region with numerous loops) are more likely to accumulate changes because individual mutations are less likely to have far-reaching effects on how the rest of the protein folds.
Maximum-Likelihood Analyses of Nucleotide Sequence Evolution
Likelihood scores resulting from different models examined for the same tree are directly comparable, unlike, for example, tree lengths under different characterweighting schemes in cladistic parsimony analyses. Therefore, comparisons among ML models incorporating different parameters of sequence evolution can highlight evolutionary processes that contribute to the observed patterns of sequence diversity. In our GBSSI analyses, the most dramatic improvement in ML score accompanied the accommodation of among-site rate variation (I or ⌫), with the greatest single improvement being achieved by allowing rate variation to follow a gamma distribution (⌫ in fig. 4 ). This is consistent with the pattern of variation observed in the protein comparisons above; some amino acids (e.g., Lys15 and Lys277; fig. 3 ) are very strongly conserved and may not be free to vary at all, while others (e.g., those associated with loops) are under little constraint and are likely to have changed many times. Variation in the rate of evolution among sites is not surprising, given the functional constraints on proteins, and among-site rate variation has been observed for most coding sequences examined (e.g., Wakely 1994 and references therein). The need for assessing the magnitude of among-site rate variation for sequences used in phylogenetic analyses is clear. Numerous studies have shown that when rate variation is ignored, it can mislead many commonly used tree reconstruction methods (e.g., Jin and Nei 1990; Kuhner and Felsenstein 1994; Tateno, Takezaki, and Nei 1994; Yang, Goldman, and Friday 1994; Gaut and Lewis 1995; Sullivan, Holsinger, and Simon 1995; Swofford et al. 1996) . Furthermore, the problem of long-branch attraction (Felsenstein 1978) can be exacerbated when rate heterogeneity is overlooked; this phenomenon has been demonstrated for a variety of tree-building methods (e.g. Tateno, Takezaki, and Nei 1994; Gaut and Lewis 1995; Huelsenbeck 1995) .
Incorporation of unequal substitution probabilities or unequal base frequencies led to less dramatic (although still significant) improvements in ML score for GBSSI. The relative effects of different parameters of sequence evolution for this gene can be compared with those for other DNA sequences for which similar comparisons among ML models have been made. For example, the mitochondrial cytochrome oxidase gene of four collembolan insect families showed a result very similar to that for grass GBSSI sequences: the incorporation among-site rate variation following a ⌫-distribution was the single change that caused the greatest improvement in ML score ( fig. 4 in Frati et al. 1997) . Among mitochondrial cytochrome b sequences from deer mice in the Peromyscus aztecus species group, on the other hand, incorporation of different probabilities for transitions and transversions led to the greatest improvement in ML score ( fig. 4 in Sullivan, Markert, and Kilpatrick 1997) .
The optimized parameters for the best ML model (last row in table 3) can be used to define the appropriate conditions for ML-based tree searches. For the grass GBSSI data set, not only did the most parameter-rich model (GTR ϩ I ϩ ⌫) have the best score, as was expected, but its score was significantly better than those for simpler models, such as GTR ϩ ⌫ and HKY ϩ I ϩ ⌫. Therefore, the computational benefits of a simpler model would require a tradeoff of a significantly poorer fit of the model to the data. Many systematists have legitimate concerns about the computational intensity of ML tree searches, especially those involving many taxa and/or parameter-rich models. Even if ML-based tree searches are not performed, however, likelihood-based estimates of parameters of sequence evolution can highlight factors that may cause misleading results with other phylogenetic methods.
GBSSI in Molecular Phylogenetic Studies
We examined the utility of a single-copy gene for comparative evolutionary studies at several taxonomic levels. For phylogenetic reconstruction, the gene for granule-bound starch synthase illustrates several advantages and disadvantages, some probably common to many nuclear genes, and some that may be characteristic of this particular gene.
One potentially useful aspect of GBSSI is the high rate of change of nuclear gene introns. There is a clear need for nuclear markers for examining relationships among closely related species. The internal transcribed spacer (ITS) of the nuclear rDNA is often used for this purpose but is frequently not variable enough to distinguish species. ITS sequences in the Triticeae were identical for A. speltoides and A. tauschii (Hsiao et al. 1995b) , while their GBSSI F/M fragments differed by 7.7%. The introns of the starch synthase gene not only exhibit higher levels of variation than the ITS region, but also potentially provide a greater number of characters as well. In this particular gene, there are 13 introns, usually ranging from 100 to 150 bp in length, while the two ITS regions total about 450 bp in the Triticeae (Hsiao et al. 1995b ). GBSSI sequences have been successfully used to examine the closely related species of Solanum subsect. Lycopersicum (Peralta, Ballard, and Spooner 1997) and to determine relationships among members of the genus Rubus (L. Alice and C. Campbell, personal communication).
GBSSI is not appropriate for analyses at all phylogenetic levels. Introns diverge and become impossible to align long before exons have diverged enough to provide many variable characters. This may occur among species similar enough to be considered congeneric; alignment ambiguities exist within both Cymbopogon and Aegilops. Among more distantly related species, the exons of GBSSI can resolve relationships and produce phylogenies that are congruent with those from other genes ( fig. 5) . However, we have encountered a high level of among-site rate variation for grass exons, as well as a significant deviation from stationarity of nucleotide frequencies when dicot sequences are included. A reasonable phylogenetic analysis must account for such potentially misleading factors.
The intron-exon structure of GBSSI potentially allows it to be used for studies that span a range of taxonomic levels. However, if one is primarily interested in relationships between genera or families, sequencing through the many introns may not be an efficient way to generate data, and it may be more cost-effective to sequence either cDNA or another gene with fewer introns.
Recombination
For the alignment of intron 9 from Cymbopogon ( fig. 8) , C. commutatus and C. popischilii were very similar to one another but were difficult to align with the other taxa for a portion of the intron. Our solution was to separate the difficult-to-align portions and fill in the resulting gaps as missing data, but at the cost of losing the characters in this particular intron that distinguish these two taxa from the rest. The evidence from intron 9 suggesting that C. commutatus and C. popischilii are related is supported by three characters in the adjacent exon (10), and the analysis of exons alone places the two species together ( fig. 7C ). However, throughout the rest of the gene, there is just one other synapomorphy supporting the pair, and there are numerous characters (mainly in introns) supporting alternative placements of these two taxa. The species do not appear together in the shortest intron-only or intronϩexon trees using the current alignment. If intron 9 is forced into an alignment with many mismatches, many characters then link C. commutatus and C. popischilii, but there is no evidence that the characters are homologous.
One possible explanation for the conflict between intron 9 and the rest of the gene is recombination, reflecting either a shared polymorphism or gene flow between the two species. Sometime after finding the curious pattern of intron variation, we discovered the following comment in the literature: ''Long racemes [in C. popischilii] tend to be associated with a large, but parallel-sided, lowermost pedicel, and may indicate introgression from C. commutatus'' (Clayton and Renvoize 1982, p. 765) . Thus, gene flow between the two species had already been suggested based on morphological data; we have found additional evidence using molecular data.
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The level at which introns are likely to be useful, namely among closely related species, is also the level at which recombinant genes are most likely to confound phylogenetic analysis. This is, in some ways, a potential disadvantage of nuclear markers, but recombination in fact provides a crucial window on biological history. Recombinant genes can be very difficult to detect, but when they are found, they may indicate ancient or contemporary polymorphisms, hybridization, or introgression.
Conclusions
Because protein function is often highly conserved, the nature and position of secondary structures can be used to aid in the alignment of amino acid sequences, even when amino acid identity among the sequences is very low. Strong constraints on protein structure and the resulting patterns of nucleotide diversity of coding sequences can potentially affect the outcome of phylogenetic analyses. However, when the processes underlying the observed patterns of nucleotide diversity can be examined and quantified, they can be accommodated such that they will be less likely to mislead phylogenetic results. In contrast to the conserved exons, introns are extremely variable, even among closely related species. They might provide phylogenetic information where other markers have failed, but they can, even within genera, become difficult to align.
